The strong La line 6520.644 Å is present in a Fourier Transform Spectrum (signal to noise ratio of 240), but its wavelength in commonly used tables (e.g. 
Introduction
Our group is performing systematic investigations of the hyperfine (hf) resolved spectrum of the La atom (atomic number 57), more precisely on the stable isotope La 139 (natural abundance 99.91%). This isotope has nuclear spin quantum number 7/2 [3] , a magnetic dipole moment µ I = 2.7830455 (9) µ N and a small electric quadrupole moment Q = 0.20 (1) × 10 −28 m 2 [4] . Its energy levels show nice hyperfine splitting which can be used as finger print for the corresponding level.
Final goal is a theoretical description of the levels with respect to configuration and designation of the La levels. Since by far not all theoretically expected levels are experimentally known, experimental effort to find the missing levels is necessary.
In order to gain information on up to now unknown energy levels, we investigate spectral lines which can not be explained as transitions between already known energy levels. An accurate determination of the energy of the atomic levels is connected with accurate determination of transition wavelengths; for this we use a wave number calibrated Fourier-transform (FT) spectrum. First results based on this spectrum are already published, together with results of laser spectroscopic investigations [5] - [9] . Sometimes unclassified strong lines can be found in the FT emission spectrum. In this paper we report on investigations of two of them. Figure 1 shows a part of the FT spectrum investigated here.
Experiment
The FT spectrum, its features and its calibration is described in detail in Ref. [7] . Here we describe the methods applied in laser spectroscopic investigations.
For laser spectroscopic investigations we use the setup shown in Figure 2 . Tunable narrow-band (1 MHz) laser light is produced by a combination of an Argon-ion laser and a dye ring laser, working with dye DCM. The laser light frequency can be either set fixed to a strong hf component or scanned over the hf pattern of the investigated spectral line. In the latter case, the change of the laser light frequency is documented by recording the transmission signal of a calibrated marker etalon (free spectral range 197.6 MHz).
Free La atoms are produced in a see-through hollow cathode discharge. The cathode, 20 mm long, has a hole of 3 mm in diameter; its inner wall is made of La. The anodes are made of Al. The discharge is operating with Ar at ca. 0.3 mbar pressure. Immediately after starting the discharge works only with Ar atoms, but within some minutes La atoms are sputtered from the inner wall of the cathode, and these atoms participate in the discharge. Finally most of the discharge processes take place in La vapour, and the La spectral lines dominate. This can be observed visually since the discharge increases its intensity and changes its colour from blue-grey to brilliant white.
The laser beam, adapted in diameter by lenses forming a telescope, is passing through the hollow cathode lamp and changes the detailed equilibrium of the processes in the discharge. However, these changes are small, Figure 1 . Part of the FT spectrum. The left line, 6520.644 Å (SNR 240), is an unclassified line, well known but given as 6520.770 Å in spectral tables [1] . The right line, 6519.319 Å (SNR 46), is mentioned in [1] as 6519.345 Å. The line inbetween, 6519.869 Å, is surprisingly not contained in tables [1] [2], but clearly visible in an emission spectrum taken by ourselves with help of a 1 m grating spectrograph (compared to Figure 6 ). Also this last line could not be classified using known levels. and for observation we need to chop (mechanical chopper 1) the laser light and to amplify the signals by a phase-sensitive device (Lock-In amplifier). Detecting the change of the discharge resistance we obtain a so-called optogalvanic (OG) signal. For identifying levels involved in an excitation process, we have to detect laser-induced fluorescence (LIF) signals. For this, the emission light of the discharge is imaged to the entrance slit of a monochromator, which selects one special spectral line on which the intensity is modulated with the chopper frequency.
In most cases, for the investigation of spectral lines only one pass of the laser light through the hollow cathode discharge is used. In this case, the hf components of the lines are detected Doppler-limited (FWHM ca. 800 MHz), and for lines having a widely split hf structure the hf constants A and B of the involved energy levels can be determined without difficulties.
For spectral lines showing an hf pattern, which is only partly resolved in a Doppler-limited recording (or when a high accuracy of the hf constants is desired), we perform saturation spectroscopy: the laser beam is divided into two beams of similar intensity by a beam splitter in front of the discharge. The mechanical chopper 1 is not used; instead of it we use a special chopper 2 which modulates both beams with frequencies f 1 and f 2 , respectively, having a fixed phase relation to each other. As synchronizing signal, the sum frequency f 1 + f 2 is fed to the Lock-In amplifier. The beams then intersect the hollow cathode lamp counterpropagating. In this way, a Doppler-reduced line profile can be recorded, if there is a non-linear signal response to the laser light intensity (saturation spectroscopy). The saturation signal can be recorded again either as an OG signal or as a LIF signal.
Investigation of the Line 6520.644 Å
In the FT spectrum, the line λ = 6520.644 Å has a signal to noise ratio (SNR) of 240. It is mentioned as 6520.770 Å in spectral tables [1] and as 6520.74 Å, unclassified, with remark "h" (hazy) in ref. [2] . Excitation of this line with laser light caused a quite strong Doppler-limited optogalvanic signal (Figure 3 ) with excellent signal to noise-ratio (SNR). In fact, by chopping the exciting laser light the whole discharge was modulated with high current amplitude, and thus we observed laser-induced fluorescence signals from all strong spectral lines of Ar and La. The recorded line profile showed a single peak with full width at half maximum (FWHM) of 3.5 GHz (see Figure 3 ) but was not suited to say much concerning the angular moments and hf constants of the involved levels, since the hf components are not resolved. But due to the good SNR, we could conclude that such shape without any components in the line wings, can only be obtained if the hf constants A of both involved levels are quite small (below 100 MHz), and if the angular moments of the involved levels have high values.
A schematic level scheme is shown in Figure 4 . For observing the OG signal shown in Figure 3 , we had to adjust the phase of the Lock-In amplifier accordingly to the phase of the wheel of chopper 1. The discharge current increases when the laser light is on. The same is true for the intensity of a direct fluorescence line (f in Figure 4 ): it increases, since the interaction of the laser light with the atoms causes a higher population of the upper level of the excited transition. When an observed LIF line has its maximum intensity at opposite phase of the Lock-In amplifier (compared to the optogalvanic signal or a direct fluorescence line), we call it a "negative" fluorescence line (nf in Figure 4 ). That means, such line is originating from a level which is depopulated by the laser light and which might serve as the lower level of the excited transition. If a level is depopulated in strong way by laser excitation, neighbouring levels can transfer population to the laser excited one by collisional energy transfer, and give rise to indirect "negative" lines (nf' in Figure 4) .
In our case no direct fluorescence lines (f) were observed, all strong LIF lines were "negative" lines. Since it was not possible to decide which "negative" decays occur directly or indirectly, by adding the corresponding transition energy to all the identified levels a number of hypothetical upper levels was generated. Most of these levels could be ruled out since it was not possible to simulate the spectrally small observed structure using the hf constants of the known lower levels. Also from these considerations we came to the conclusion, that only levels having high angular moments (J ≥ 11/2) and quite small hf constants A (A ≤ 100 MHz) can act as lower level of the investigated transition.
In order to gain more information concerning the hf constants of the involved levels, we applied Doppler-reduced saturation spectroscopy. The observed hf pattern is shown in Figure 5 , trace a, together with the result of the fit (trace b) and the position of the hf components. For optimizing the spectral resolution (the line components finally were fitted assuming Lorentzian profiles with 300 MHz FWHM), the current of the discharge had to be reduced to ca. 50 mA, while usually in the Doppler-limited case we use 90 -100 mA. Nevertheless, the optogalvanic saturation signal had a suitable signal to noise ratio.
For the hf structure in Figure 5 we obtained the minimum least squared error sum assuming the upper level having J = 11/2, A = 10 MHz or J = 13/2, A = 8 MHz, while for the lower level we got J = 11/2, A = 60 MHz. Then we searched if one of the observed strong fluorescence lines has an upper level with J = 11/2 and an , acting as lower level of the excited transition, was known only with relatively large uncertainty. In order to increase the accuracy, we performed saturation spectroscopy on the line 6249.913 Å, too. Since the hf constants of the lower level are known from atomic beam magnetic resonance spectroscopy [10] with high accuracy, we determined for level 20117.368 cm Taking these now more accurately determined A-values as fixed values in the fit procedure, the hf constants of the new level could be determined with satisfying uncertainty. As can be seen in Figure 5 , trace c, no systematic deviations between fitted and observed hf patterns occurred.
Finally, based to theoretical treatments, we came to the conclusion that the new upper level involved in formation of the line λ = 6520.644 Å has angular momentum 13/2 and is the lowest possible level with J = 13/2. The energy was determined to be 35449.040 cm −1 , and for the hf constants we obtained A = −8.0(5) MHz, B = 10(10) MHz. If we introduce a new level, normally we try to confirm its existence by at least one further laser excitation. Unfortunately this is not possible for this level caused by its high angular momentum: besides 6520 Å, no further possible excitation wavelength in the range of our lasers (690 -550 nm) exists. If we assume J = 11/2, a possible excitation at 6125.85 Å is calculated, but when we investigated this line, no LIF-signal at 6520 Å was observed. This observation supports the assumption J = 13/2.
Fortunately one line in the FT spectrum supports the existence of 35449.041 cm −1
: this level explains a line in the infrared region at 14908.421 Å, with respect to wave number and hf pattern.
Check of Wavelength Accuracy of Literature Values
As can be noticed in Figure 3 , there is another line in the low-frequency wing of line 6520.644 Å, having an OG signal quite weak compared to the main peak. It appears in our FT spectrum with S/N ratio 5. Setting the laser frequency to the highest hf component of this line, we observed fluorescence at 5740 Å, again with phase opposite to the OG signal. From this line we identified the level 20082.989 cm −1 as the lower level of the laser-excited transition, and as upper level, the well-known level 35414.441 cm −1 . The observed structure corresponded nicely with the calculated pattern, using the J-values and hf constants of both combining levels, and we determined a cg wavelength 6520.735 Å. Please note that the upper levels of both lines, 6520.644 and 6520.735 Å, have nearly the same energy, thus one would assume that both upper levels are populated in the discharge in equal way, independent on the fact that one can not assume a Boltzmann law for the population since we may have a non-equilibrium low pressure gas discharge.
Nevertheless, even if we assume that the intensity ratio of both lines is different under changed experimental conditions, it is hard to see why in the tables [1] [2] the wavelength differs so much from our value. Of course, the old photographic spectra were not hyperfine-resolved and thus the cg wavelength is difficult to determine. To check, to which extent the wavelength is influenced by the calibration and high resolution of the FT spectrum, we recorded the emission spectrum of our discharge by a 1 m grating spectrograph (Yobin-Yvonne, HR1000), using a grating with 1200 lines/mm. The spectrum in comparison with the FT spectrum is shown in Figure 6 .
In order to have a feeling on the accuracy of wavelengths, we investigated the most neighbouring line mentioned in the tables. In [1] we find 6519.343 Å, while in [2] this line is not contained. Taking into account the hf structure of the line and having thus a better possibility to find the cg wavelength, we determined 6519.319 Å, different to the old value only by 0.024 Å. This small difference may be explained by the possibility to determine the cg wavelength with higher accuracy in an hf-resolved spectrum. An uncertainty of the same order of magnitude one should expect also for the neighbouring, stronger line, but not a difference of 0.126 Å. Thus it remains unexplained why in [1] instead of 6520.644 Å a wavelength of 6520.770 Å and in [2] a value 6520.74 Å are given.
Investigation of the Line 6519.869 Å
As mentioned earlier, between the known lines 6520.644 Å and 6519.319 Å there is another line, 6519.869 Å, neither mentioned in [1] nor in [2] , but clearly visible in our spectra (see Figure 1 and Figure 6 ). When we tuned the laser wavelength to the line, we observed-similar to the excitation of 6520.644 Å-a huge number of fluorescence lines. Scanning the laser frequency over the line in the Doppler-limited set-up, the hf structure appeared unresolved in the OG signal. Thus we applied also for this line saturation spectroscopy and we were able to resolve the hf pattern nicely (see Figure 7) .
Again we found that the structure can be simulated only assuming combining levels which have high angular momentum and low A-values. Among the fluorescence lines we found the line 6266 Å, which had as its upper level 25874.500 cm −1 , odd parity, A = 46.6(20) MHz [11] . The phase of this line was opposite to the OG signal. , parity even, A = 93 MHz. Then we investigated also the line 6266 Å using saturation spectroscopy in order to get more accurate hf constants of the level 25874.500 cm All investigated lines treated in this paper and their classifications are summarized in Table 1 . Columns 1 -3 contain information on the spectral line: wavelength in air, comment and SNR in our FT spectrum. Columns 4 -8 deal with properties of the (new) upper level: angular momentum J, parity, energy, hf constants A and B. Columns 9 -14 contain information on the lower level: angular momentum J, parity, energy, hf constants A and B, and a reference to the hf constants of the lower level. Finally, in column 15 a remark is given (Explanations of the abbreviations, see table caption). 
Conclusions
During this study, we discovered two new levels of the neutral lanthanum atom: 35449.040 cm The wavelength discrepancy between the value 6520.644 Å and 6520.770 Å [1] could not be explained, but we suspected a typing error (might be 0.670 instead of 0.770). At wavelength 6519.858 Å, one finds in [1] an Nd line instead of our La-line 6519.869 Å. This might be the reason why the latter La-line was not mentioned in [1] .
From theoretical point of view, the discovery of the new J = 13/2 levels was very important, since 35449.040 cm −1 is the lowest level having this angular momentum quantum number, and 41207.994 cm −1 supports the calculations with respect to wave number and hf constant A.
The paper also shows that for solving difficult classification problems, a combination of all available spectroscopic techniques is necessary.
